I
nvertebrates play significant roles in ecosystems around the world, such as soil aerators, pollinators, processors of organic matter, and prey for many species. However, they have received less attention and therefore less protection through conservation programs when compared with vertebrate species (Donaldson et al. 2016 ). As such, we must improve measures to conserve and restore invertebrate populations, especially in highly threatened ecosystems such as riparian habitat, which is being degraded and altered globally through river regulation, land-use change, deforestation, and pollution (e.g., Tockner and Stanford 2002) .
Many studies have analyzed the diversity and distribution patterns of invertebrates in riparian areas. However, most have either taken a taxa-specific approach, such as investigating patterns in beetle diversity and distribution (e.g., Sadler et al. 2004 ), or described a potential mechanism that controls diversity, such as flooding (e.g., Robinson et al. 2002) . Others have examined community responses to anthropogenic disturbances, such as forest harvesting (e.g., Rykken et al. 2007) or river regulation (e.g., Paetzold et al. 2008) . In this article, we bring together these multiple lines of research to synthesize ideas on mechanisms supporting specialist terrestrial invertebrates in riparian zones. By identifying gaps in our current knowledge on how these mechanisms work to maintain diversity and providing ideas for future research opportunities, we hope this work will improve understanding of invertebrate diversity in riparian zones and encourage further work toward conserving these precious, threatened communities.
Riparian zones
Riparian habitat is the transitional zone between aquatic and terrestrial habitat that extends through areas adjacent to water bodies, into the soil and groundwater, and vertically into the canopy (Gregory et al. 1991) . These areas show direct interaction between the aquatic and terrestrial communities, with water being the key factor given that many riparian areas are susceptible to overbank flooding and water tables are often close to the surface and easily accessible (Gregory et al. 1991, Naiman and Décamps 1997) . Differences in vegetation structure and composition, soil nutrients, litterfall, and microclimate from upland habitat create environmental conditions unique to riparian zones (Clinton et al. 2010) . Because of the strong influence of water, riparian areas are often characterized by moist soil, hydrophilic vegetation, and elevated levels of recurrent disturbance (Naiman and Décamps 1997) . As a result, they can be complex mosaics that produce habitats with elevated primary productivity and high beta diversity (Naiman et al. 1993 , Tockner and Stanford 2002 , Sabo et al. 2005a . Although riparian zones support species that can exist elsewhere but experience higher productivity within riparian zones (riparian associates), they also harbor specialized species that require access or close proximity to fresh water during their life cycle (riparian obligates; Richardson et al. 2005) . By supporting unique species, riparian zones increase regional species richness (Sabo et al. 2005a ). In a metaanalysis that included both plant and animal studies, Sabo and colleagues (2005a) showed that the average turnover in cumulative species richness was greater in riparian zones than in upland habitat. Although individual riparian areas may not have higher species richness than upland habitat, this high turnover makes them distinctive (Sabo et al. 2005a) . Distinct riparian invertebrate communities have been documented (Rykken et al. 2007 , Soykan et al. 2012 ; however, the key factors contributing to the maintenance and uniqueness of these communities have yet to be synthesized. We therefore begin by identifying five key characteristics of riparian zones that support specialist invertebrate diversity (table 1) : disturbance by flooding and drought, elevated nutrient and water availability, increased vegetation and microhabitat diversity, strong microclimate gradients, and unique food resources. We then consider how these characteristics change along lateral and longitudinal environmental gradients within a catchment (figure 1). We conclude by briefly discussing their role in conservation and suggesting directions for future research.
Disturbance by flooding and drought Because of the intimate connection riparian zones have with aquatic ecosystems, many experience periods of flooding and drying. Although riparian habitat experiences these wet and dry periods as part of their natural flow regime , they can act as disturbances to the community that "filter" species by selecting for those that can adapt to or survive variable moisture conditions (Poff 1997) . Adaptations to flooding may confer a competitive advantage to certain species in wet patches or during wet periods that may not persist under drier conditions. As a result, riparian environments may be subject to temporal fluctuations in species composition and can exhibit higher beta diversity than upland areas (Sabo et al. 2005a, Corti and Datry 2016) .
In riparian habitat that floods regularly, many organisms exhibit escape behaviors to survive. One example is some species within the genus Bembidion (Carabidae), beetles that live on gravel bars along rivers. These beetles prey on terrestrial insects, including emerging aquatic invertebrates, and scavenge dead aquatic insects, thereby redistributing energy from aquatic to terrestrial habitat (Paetzold et al. 2005) . They often have small bodies and fully developed wings that aid them in surviving inundation by hiding beneath gravel and flying away; consequently, Bembidion are also one of the first to recolonize recently flooded habitat (Januschke et al. 2011) . Other escape behaviors include vertical migration onto tree trunks and into canopies, as has been seen in polyxenid millipedes (Battirola et al. 2009 ), as well as "ballooning" by the Linyphiidae spiders Porrhomma pygmaeum and Erigone atra, which use silk threads to catch the wind for transport to nearby trees (Adis and Junk 2002) . Other invertebrates, such as centipedes (Chilopoda), can use floating wood to escape inundation when seasonal floodwaters rise (Braccia and Batzer 2001) . These examples illustrate how invertebrates survive a disturbance common to many riparian areas. They also illustrate escape behaviors in multiple trophic groups, which aids in the establishment of invertebrate communities that can perform multiple ecosystem functions when floodwaters recede. Numerous species possess morphological characteristics and reproductive strategies that allow them to tolerate disturbance by inundation. Adults of the beetle Carabus granulatus (Carabidae) can survive underwater for extended periods of time by trapping air in a subelytral cavity (Kolesnikov et al. 2012) . Other invertebrates, such as several grasshopper, springtail, mite, and lithobiomorph centipede species, can survive flooding as eggs (Adis and Junk 2002) . Timing of reproduction can also be crucial in frequently disturbed riparian habitats. The multivoltine wolf spider Venatrix lapidosa (Lycosidae) that lives along southeastern Australia's Avon River produces two overlapping cohorts per year that mature in spring or autumn, allowing individuals in different life stages to be abundant throughout the year and increasing the probability they will persist through major floods and extreme winter temperatures (Framenau and Elgar 2005) . Because these spiders are an abundant and active predator, this adaptation provides an important and continuing trophic link between their insect prey and predators of this spider. These flooding-adapted life history traits will confer a context-dependent trade-off to certain species; they are advantageous during wet periods but may not promote fitness during dry periods. In this way, riparian environments may be subject to temporal fluctuations in species composition, which promotes species diversity in the ecosystem.
The natural flow regime includes disturbance by flooding, as well as periodic drying of rivers, and this creates spatial and temporal heterogeneity in the riparian landscape. Terrestrial invertebrate assemblages of dry riverbeds can be distinct from those in adjacent riparian habitat (Steward et al. 2011) or subsets of riparian communities (Corti and Datry 2016) . Dry riverbeds support numerous types of invertebrates, such as ants (Formicidae) and springtails (Collembola), both of which are important components of the soil community because they regulate and maintain soil structure, porosity, and nutrient availability (e.g., Steward et al. 2011) . Invertebrates living in dry riverbeds can experience large diel fluctuations in temperature, with low moisture and little to no vegetation cover for refuge; these challenges can create greater turnover rates and higher beta diversity in the community (e.g., Corti and Datry 2016) . However, drying can also occur through anthropogenic activities such as groundwater pumping and river diversions. These events alter the natural flow regime of rivers and ultimately result in lower overall abundance, diversity, and richness of riparian invertebrate communities when compared with flowing sites (e.g., McCluney and Sabo 2012) . Alpine rivers in Switzerland and Italy have experienced significant changes to riparian arthropod community composition and diversity because of increasing channelization and embeddedness in regulated rivers (Paetzold et al. 2008) . Nonetheless, sustainable management of riparian ecosystems should include some variation in environmental flows over time to preserve the natural flow regime of rivers and their associated environmental and biological diversity .
Water availability, primary productivity, and nutrient dynamics Generally, riparian zones offer easy and dependable access to fresh water. For specialist species such as the tiger beetle Oxycheila polita (Cicindelidae), access to water is essential for both finding prey, such as aquatic invertebrates, and escaping predation itself by jumping into the stream and floating downriver (Cummins 1992) . Riparian invertebrate communities can show high species turnover and therefore dissimilarity between perennial, intermittent, and ephemeral streams because of differences in the presence of surface water and the availability of groundwater (Moody and Sabo 2016) . And when rivers dry, such as in arid landscapes where drought occurs, riparian trees can offer moist green leaves as a source of water to herbivores such as crickets; this water is then transferred up the food web to their predators, such as wolf spiders (McCluney and Sabo 2009) . Water availability has a clear influence on riparian invertebrate communities and can support unique taxa that are dependent on these resources.
Riparian soils are also rich in nutrients, primarily because of regular flooding and closer access to groundwater. Flooding can lead to alluvial deposition of nitrogen and phosphorous bound to silt and clay into riparian soils (Weibel 2011) . Flooding and drying also can encourage faster decomposition of organic litter and the release of nutrients (e.g., Langhans and Tockner 2006) . In addition, the distance from surface soils to the water table is lower in riparian habitat compared with that in upland habitat, resulting in more frequent anaerobic soil conditions in which bacteria that can fix nitrogen in the soil can occur (Groffman et al. 1992) . Certain pioneer plant species, such as red alder (Alnus rubra), are common near the water's edge and are also capable of fixing nitrogen into the soil (Binkley et al. 1994) . Greater availability of nitrogen can promote higher primary productivity, which provides ample plant-based food sources and physical structure for diverse invertebrate communities.
Primary productivity can be higher and its subsequent effects on invertebrate communities can be more significant in riparian habitat compared with those in upland areas. For example, forested wetlands produce higher amounts of leaf litter than nonwetland habitat, possibly because of increased nutrients and water from river floods (Shure and Gottschalk 1985) . Leaf litter is an important food resource for many detritivorous invertebrate species and can also provide shelter for predatory invertebrates such as spiders (Sabo et al. 2005b) . There is also evidence that plant communities are more productive where there are higher lateral groundwater inflows (Kuglerová et al. 2014) . Preferential flow pathways of groundwater carry nitrate, base cations, and other substances that can support greater primary productivity, even compared with areas within riparian habitat with less groundwater (Kuglerová et al. 2014) . Heightened productivity and taxonomic richness of benthic invertebrates have been linked to wetlands receiving groundwater discharge (Hunt et al. 2006) , so it is possible that groundwater input may contribute to a more productive riparian food web by attracting greater densities of riparian predators with more benthic and terrestrial prey.
In addition to heightened productivity, compared with upland habitat, many riparian zones exhibit a high diversity of deciduous trees and shrubs (Gregory et al. 1991) . Compared with coniferous species, deciduous species such as red alder have been shown to support greater numbers of invertebrates living in canopies (Allan et al. 2003) . Greater mean terrestrial invertebrate taxonomic richness and biomass were also seen in deciduous leaf and wood litter, respectively, when compared with those found in coniferous litter (LeSage et al. 2005) . This is likely the result of deciduous trees producing leaves and litter with lower C:N ratios, less overall lignin, and lower leaf toughness than conifer trees, providing higher-quality and more palatable resources for herbivorous and detritivorous invertebrate species (Ober and Hayes 2008) . A higher-quality resource base can potentially support greater numbers of invertebrates, possibly reducing competitive exclusion and allowing a broader range of invertebrate species to inhabit the riparian zone.
Microhabitat and vegetation diversity
Regular flooding creates spatial variation in habitat characteristics such as sediment type and size, large-wood distribution, and leaf-litter depth Décamps 1997, Hering et al. 2004 ). These characteristics contribute to the development of microhabitats that encourage the establishment of a diverse invertebrate community (Sadler et al. 2004 , Bates et al. 2007 ). Restoration studies have provided examples of how microhabitat availability influences invertebrate communities. For example, carabid beetles are a large family of primarily predatory and saprophagous species that contribute to insect population control and carrion processing. In a study conducted in exposed gravel bars in central Germany, Jähnig and colleagues (2009) found significantly higher carabid species richness in restored floodplains with a greater diversity of microhabitats compared with that in degraded rivers. Sadler and colleagues (2004) found that larger exposed bars with a greater diversity of microhabitats supported greater beetle species richness, many of which were rare or exposed riverine sediment specialists. High variation in microhabitat diversity, usually created by recurrent disturbance, therefore helps support an array of riparian invertebrate species.
Spatial variation in soil characteristics and water availability also influences plant diversity. Many rivers show an array of fluvial landforms that vary in elevation above stream and therefore have differing frequencies and durations of inundation (Hupp and Osterkamp 1985) . As a result, more floodtolerant plant species and earlier successional communities can be found closer to water, with more established communities and less tolerant species farther from the stream (Hupp and Osterkamp 1985, Naiman and Décamps 1997) . Thus, the interaction between landform and flooding disturbance creates a riparian zone that is often composed of structurally complex, heterogeneous plant communities (Naiman et al. 1993 , Little et al. 2013 . Greater spatial heterogeneity is often associated with an increase in invertebrate biodiversity, because a range of microhabitat patches can vary in size, age, vegetation, microclimate, and food availability; this, in turn, increases species turnover between patches and results in greater regional diversity (Datry et al. 2014) . For example, greater density and complexity of plant communities in early successional wetlands were correlated with higher species richness in carabid beetles in eastern Germany (Brose 2003) . Vegetation structure, such as stem density, canopy height, and percentage of soil cover of leaf litter and herbs, has also explained much of the variance in species composition and distribution of riparian carabid beetles (Antvogel and Bonn 2001) and spiders (Greenstone 1984) . High spatial diversity of plants in riparian zones creates abundant microhabitats, potentially reducing competitive exclusion in invertebrate communities.
Furthermore, many plant species are riparian specialists, and others show greater productivity when growing in riparian habitat compared with upland habitat. Riparian plant assemblages can differ significantly from those species in adjacent upland habitat, especially in arid environments such as the southwestern United States (Naiman et al. 1993 , Sabo et al. 2005a , and therefore provide unique opportunities for invertebrate specialization. For example, the Valley elderberry longhorn beetle (Democerus californicus dimorphus) depends solely on riparian plants for survival and cannot be found outside riparian ecosystems (Collinge et al. 2001) ; they have formed mutualistic relationships with their riparian hosts by providing pollination services. In addition, both hydrophilic plants that flourish near water bodies and shallow groundwater tables (Amlin and Rood 2002) and flood-resistant plants can tolerate inundation or recolonize shortly after disturbance, providing stable habitat and resources to invertebrate species.
Microclimate gradients
Riparian habitat is often characterized by gradients in soil moisture, relative humidity, light availability, and temperatures of air and soil that extend from the edge of the water body into upland habitat (e.g., Brosofske et al. 1997) . In vegetated riparian habitat, air temperature tends to be less variable, because it is often cooler in the summer and warmer in the winter when compared with adjacent upland habitat, and relative humidity tends to be greater near the stream because of the presence of surface water (Brosofske et al. 1997) . As a result, riparian invertebrate communities within 1 meter (m) of the stream can be significantly different from the communities farther upland (Rykken et al. 2007) , because humid microclimates support invertebrates that are sensitive to desiccation, as well as hydrophilic and mesophilic taxa (Henshall et al. 2011 , Allen 2016 . For example, the endangered ground beetle Carabus variolosus (Carabidae) and some hydrophilic Bembidion species are restricted to bare patches of moist soil along stream banks (Henshall et al. 2011) . In another study, higher wolf-spider (Lycosidae) abundance and diversity at three riparian sites near Granite Reef Dam, in Phoenix, Arizona, were correlated with relative soil moisture and lower soil and air temperatures, as opposed to biotic factors such as prey abundance (Wenninger and Fagan 2000) . Riparian zones with groundwater close to the surface can also support tree assemblages that increase soil moisture and shade while reducing variation in diel temperature fluctuations; this can indirectly influence arthropod productivity by offering a humid environment along with physical structure and a source of water (Allen 2016) . Riparian zones can also act as refuges in drier climates and during dry seasons. For instance, in the Namib Desert in southern Africa, the millipede Cnemodesmus riparius (Polydesmida: Paradoxosomatidae) can only survive the dry season in the moist soils beneath dry riverbeds following flooding events (Shelley and Crawford 1996) . This millipede is an essential part of this ecosystem through its role as a fungivore and detritivore; its movement through the soil and feeding activity aids in the decomposition of organic matter by fracturing dead leaves and wood and producing faeces that promote microbial colonization. These examples illustrate how distinct microclimates in riparian zones support productive, diverse, and often specialized invertebrate communities when compared with upland habitat.
The riparian zone is also ideal habitat for species that require specific microhabitats for reproduction. Although several studies have shown this is important for amphibians and reptiles (Semlitsch and Brodie 2003) , research on riparian invertebrate reproductive behavior is limited. High moisture is required for the Western viceroy butterfly (Nymphalidae: Limenitis archippus obsoleta) as elevated humidity is essential for the growth and development of eggs and larvae, as well as for adults performing mating behaviors (Nelson 2003) . This butterfly species is dependent on the Goodding's willow (Salix gooddingii) during its larval stage but provides pollination services to this and other riparian tree species as an adult (Nelson 2003) . Riparian zones are also a type of edge habitat, and many experience increased solar radiation in the canopy or on gravel bars of larger rivers where canopy closure is minimal (Gregory et al. 1991) . This can be due to various deciduous plant species that allow greater penetration of light when leaves fall, resulting in greater herbaceous understory cover (Gregory et al. 1991, Pabst and Spies 1998) . Species such as the beetle Bembidion petrosum, which has both humidity and light requirements, take advantage of conditions in the riparian zone: It exhibits photopositive behavior and shifts its distribution seasonally, occupying sites closer to the stream during the summer, when temperatures are higher and greater moisture is required to complete mating activities (Andersen 2006) .
Because of the high temporal and spatial variation in microclimate surrounding riparian areas, these ecosystems provide increased niche space for many invertebrate species. Moisture gradients provide habitat for diverse and varied invertebrate assemblages and can provide refuge to many specialist and generalist species during extreme temperature events. In addition, light availability is higher near the banks of rivers and streams, producing further variation in microhabitats, increasing available niche space, and decreasing the potential for competitive exclusion.
Unique food sources
Water bodies contribute unique food sources to riparian habitat in the form of cross-ecosystem resource subsidies, such as adult aquatic insects that are emerging or flying near the stream (e.g., Henschel et al. 2001, Richardson and Sato 2015) . Emerging aquatic insects represent one of the largest resource subsidies for terrestrial predators, and some specialize on capturing this resource. For instance, one such predator is the larva of the New Zealand glowworm, Arachnocampa luminosa (Diptera), which consumes emerging aquatic insects by attracting them with a bioluminescent lure and trapping them on sticky silk threads (Meyer-Rochow 2007) . Beetles and spiders also consume large numbers of emerging aquatic insects (e.g., Paetzold et al. 2005 , Leigh et al. 2013 . In fact, Collier and colleagues (2002) found that free-living spiders near streams obtained 55% of their body carbon from aquatic invertebrates and emerging adults, whereas web-building spiders obtained 61%. There are also terrestrial predators that actively search for prey within the water body. For example, fishing spiders of the genus Dolomedes (Pisauridae) will hunt aquatic invertebrates and small fish by monitoring the tension of the water's surface and striking when prey comes near (Nyffeler and Pusey 2014) . Likewise, the ground beetle Carabus clathratus (Carabidae), commonly found near bogs and peatlands, dives into the water to prey on small crustaceans, snails, and even tadpoles (McFerran et al. 1995) . Subsidies also occur via organic matter that has washed ashore during overbank flooding or peak flows. Bodies of stranded aquatic invertebrates provide food for scavenging invertebrates, altering their spatial and temporal distribution (Hering and Plachter 1997) . Algae and leaf litter that have washed ashore can subsidize terrestrial detritivores such as grasshoppers and snails (Bastow et al. 2002, Hutchens and Wallace 2002) .
These subsidies can provide food resources on more barren, exposed habitat patches such as gravel bars (Hering and Plachter 1997, Paetzold et al. 2005) . These examples highlight the unique resources streams provide for invertebrate predators and scavengers living in the riparian zone. They also highlight the notable role that many invertebrates play in connecting energy flows between aquatic and terrestrial ecosystems.
Increased availability of prey species may also attract predacious invertebrates through reproductive benefits. Unique and spatially restricted food resources, such as emergent aquatic insects, are generally at peak abundance in spring and early summer (Nakano and Murakami 2001) . Occupying riparian habitat can therefore benefit terrestrial invertebrate predators by offering a large energy source for the production and maturation of eggs (Henshall et al. 2011 ). This idea has been suggested by Henshall and colleagues (2011) , who noted that during June, when more food is required for egg maturation and overwintering preparation, some Bembidion species tended to be more numerous in wet plots with food additions on exposed riverine sediments than in plots receiving only water. Such a combination of increased moisture and food availability may provide suitable habitat for reproductively active terrestrial invertebrates.
The influence of lateral and longitudinal gradients on riparian invertebrate diversity
The key characteristics of riparian zones outlined above can shape invertebrate communities; however, the strength of their influence is dependent on several important factors. We focus on two: (1) distance from the stream edge (a lateral gradient; figure 1a) and (2) position in the stream network (a longitudinal gradient; figure 1b).
Rivers are complex networks, and measurable and visible differences occur between riparian zones along small streams and large rivers (figure 2). Characteristics such as vegetation diversity, canopy cover, microclimate gradients, hillslope, stream slope and substrate type are influenced by differences in hydrological and geomorphological patterns, as well as landscape position, between rivers that vary in orders of magnitude (Benda 2004) . As a result, invertebrate communities are likely to be significantly different near headwaters compared with areas farther downstream. Framenau and colleagues (2002) examined arthropod communities on gravel bars in upland and lowland streams in the Australian state of Victoria. Wolf spiders (Lycosidae) were the most abundant arthropod on both upland and lowland gravel bars, but they showed significantly higher abundance at upstream sites compared with those downstream (Framenau et al. 2002) . Wolf-spider species composition also changed along the length of the rivers based on shading and altitude but also on disturbance-driven characteristics such as gravel size and the area of gravel bars (Framenau et al. 2002) . Similar studies in Europe observed higher abundances of carabid beetles in lowland rivers compared with those in upstream systems (Hering and Plachter 1997) . Although the exact mechanisms responsible for these differences have yet to be determined, it is clear riparian communities do respond to longitudinal gradients within a catchment.
Invertebrate communities inhabiting gravel bars with little vegetation along large rivers (figure 2b, 2c) face unique challenges. This exposed sediment is created and maintained by regular flooding events and is a patchy but vital resource for specialized invertebrates such as the grasshopper Chorthippus pullus (Acrididae). These species are poor dispersers that cannot easily travel through riparian forests or cross large streams, and populations can become isolated or potentially go locally extinct when water levels rise (Maag et al. 2013) . They exist as metapopulations with individuals taking refuge on larger, higher gravel bars that remain dry during annual floods and moving between populations when smaller stream sections dry out or as gravel bars become exposed when floods recede (Maag et al. 2013 ).
However, this habitat can also offer unique opportunities to species that have adapted to extreme disturbance. Many ground beetles of the genus Bembidion are gravel-bar specialists and can both avoid inundation and quickly recolonize (Hering et al. 2004) . Following extreme events such as large overbank flows, they can use this adaptation to rapidly increase in density because predators and competitors are largely absent (Hering et al. 2004) . Gravel bars along banks of larger rivers thus provide habitat for many species that may not persist along smaller streams.
Flooding disturbance and inundation duration also occur in a lateral gradient perpendicular to the waterbody edge. Generally, inundation duration decreases farther from the stream edge, producing a gradually decreasing soil moisture profile (Johnson and Lowe 1985) . Hering (1998) examined carabid beetle communities in a floodplain along the River Elbe, in Germany, and found that flood duration and groundwater depth were primary factors explaining species occurrence patterns along the lateral gradient. Gallardo and colleagues (2009) found the invertebrate community composition in a Mediterranean floodplain differed between areas near the stream along with their associated flooding and areas further away and less disturbed. The extent of riparian microclimate gradients varies depending on topography, position in the watershed, and climate (Richardson et al. 2005) . Small streams can have lateral gradients that are spatially limited because of steep hillsides that constrain the extent of stream-mediated microclimates (Richardson et al. 2005 ). In addition, riparian habitat around small streams often has a more closed canopy ( figure 2a, 2d) relative to the riparian habitat of larger streams (figures 2b, 2c), and the stream has a greater influence on the forest microclimate (Moore et al. 2005) . In mesic forests, the extent of the gradient around small streams can range from 5 m to 60 m from the stream edge (Brosofske et al. 1997, Danehy and Kirpes 2007) ; this gradient may be shorter in more arid climates, reaching only 5-10 m from the stream (e.g., Danehy and Kirpes 2000) . The extent of the stream's influence on the riparian zone varies by stream size, climate, flood frequencies, vegetation characteristics, and other underlying environmental gradients, but there has been little study of these potentially interacting patterns.
As we previously discussed, cross-ecosystem resource subsidies such as emerging aquatic insects represent a significant resource for riparian predators (e.g., Richardson and Sato 2015) , and the influence of this resource varies along both longitudinal and lateral riparian gradients. The availability of emergent aquatic prey exists as a gradient extending from the stream as the majority of emergent aquatic insects do not move far into the riparian zone (Henschel et al. 2001 , Briers et al. 2005 , likely because of a combination of obstructive riparian vegetation and a weak dispersal ability of many emergent aquatic species (e.g., O'Callaghan et al. 2013) . At the stream edge, emergent aquatic insects occur in large numbers and can constitute 40% to 80% of riparian spider diets (Briers et al. 2005 , Gergs et al. 2014 ). Briers and colleagues (2005) found that at a distance of 20 m from the stream edge, this proportion dropped to less than 1%. A similar pattern has been observed in the diet of the predacious beetle Bembidion atrocaeruleum near a small headwater stream in Wales: At the stream edge, 60% of the beetle's diet was composed of aquatic prey, but this changed to only 30% farther from the stream (O'Callaghan et al. 2013) . The density and dispersal of riparian predators can also be related to the lateral gradient in the presence of emergent aquatic insects. For example, in New Zealand, riparian spider biomass and web density increased with increasing proximity to the stream edge, and stream insect biomass was positively associated with both variables (Burdon and Harding 2008) . Therefore, lateral gradients in aquatic subsidies can shape the abundance and distribution of riparian invertebrate populations, which can consequently influence the ecosystem functions they provide such as herbivory (Henschel et al. 2001) .
The lateral availability and influence of emergent aquatic insects on riparian communities also change with longitude in the stream network. Power and Rainey (2000) suggested that along small, shaded headwaters, the lateral migration of emergent aquatic insects is limited by lower temperatures and in some cases steep, constrained hill slopes, whereas further down the network, channels widen and experience greater levels of wind and solar radiation that facilitate movement into the riparian area. Kato and colleagues (2004) suggested this pattern may be responsible for the difference seen between their study on a small headwater stream in Japan, which showed little evidence of aquatic carbon in web-building spiders (Linyphiidae) 150 m from the stream edge, and that of Power and Rainey (2000) , who noted that at least half of the carbon in linyphiid spider diets was aquatic derived at similar distances along a larger, more open stream in California. In addition, King (2014) found the number of emergent aquatic insects entering the first 1 m of the riparian zone adjacent to the stream (or emergence flux) increased with stream order, as did ground beetle and arboreal spider densities.
It is clear that gradients in key characteristics such as flooding disturbance, microclimate gradients, and crossecosystem resource subsidies influence the composition, distribution, and abundance of invertebrate communities in riparian zones. These gradients extend laterally from the stream edge into upslope habitat and down the river network as small streams flow into larger and larger rivers. These gradients offer unique opportunities both for observational studies into how stream size and position in a network influence the composition and turnover of invertebrate communities and for empirical research that can shed light on the strength and extent to which these gradients control invertebrate regional diversity.
Conclusions
Riparian invertebrates are important members of both terrestrial and aquatic food webs. They perform unique roles that support ecosystem functioning through activities such as pollination, decomposition, and predation, and they represent a large and distinct segment of biological diversity in these zones (e.g., Steward et al. 2011, Moody and Sabo 2016) . In addition, they serve as prey to many riparian species while linking aquatic and terrestrial food webs through their use of aquatic subsidies. As riparian zones are under increasing threats from anthropogenic activities and climate change, so, too, is the diversity of riparian invertebrate communities. Key riparian-zone characteristics-including recurrent disturbances, high nutrient and moisture content, biophysical and vegetative diversity, and the presence of unique microclimates and aquatic resource subsidies-contribute to the diversity of riparian invertebrates. However, conserving invertebrates by protecting the dynamic nature of riparian zones can be complex. These are not static mechanisms that work in isolation but rather dynamic factors that often strongly interact. For example, flooding can create changes in sediment and moisture gradients while dispersing plant propagules-combining elements of disturbance, vegetation diversity, and microclimate that all interact to alter invertebrate abundance and diversity. Therefore, research on terrestrial invertebrates in riparian zones should address multiple mechanisms to help understand the assembly and organization of this distinct community.
There are several lines of inquiry that research on riparian invertebrates might pursue. To begin, we noted gaps in the literature regarding how the described mechanisms influencing riparian communities change along lateral and longitudinal gradients. For example, it remains unclear how invertebrate communities respond to differences in plant diversity and structure with increasing distance from a stream or to the type and quantity of microhabitats that exist along small streams versus large floodplains. We might expect floodplains to exhibit more varied topography and flow, contain more stores of large wood than smaller streams, and therefore have a greater range of microhabitats and consequently more diverse invertebrate assemblages. However, general patterns in invertebrate diversity and distribution in response to multiple lateral and longitudinal gradients have yet to be fully explored in the literature.
We found two areas where we had difficulty locating information relating lateral and longitudinal changes in mechanisms to patterns of invertebrate diversity: (1) gradients in nutrient availability and invertebrate productivity or diversity and (2) microclimate gradients in larger floodplains. Riparian zones are often described as nutrient sinks and chemical buffers for stream habitat (Gregory et al. 1991, Naiman and Décamps 1997) , and as such, investigations into how nutrients directly or indirectly alter invertebrate diversity should be pursued. For example, how might invertebrate communities change as streams become larger and alluvial deposition expands, thereby potentially increasing the availability of nutrients and heterogeneity of resources? In cases in which nutrient availability decreases with distance from the stream, do herbivore or detritivore communities subsequently decrease because of potentially lower primary productivity and quality of food resources? For microclimate gradients, most of the current riparian literature focuses on either small streams (e.g., Brosofske et al. 1997 , Moore et al. 2005 or descriptions of extreme conditions on exposed gravel bars of larger rivers (e.g., Wenninger and Fagan 2000 , Henshall et al. 2001 , Bates et al. 2007 . It is unclear how microclimate gradients change with increasing stream size and landscape position and whether lateral gradients along larger rivers are linear. We expect that larger rivers with heterogeneous floodplains have more complex, patchy microclimates that do not necessarily describe a linear gradient. But do they contain heterogeneous invertebrate communities dependent on these various microhabitats? We know that gravel bars can experience strong winds and high temperatures (Henshall et al. 2011 ); however, periodic inundation often creates vegetation zonation, which likely generates various associated microclimates and niches for multiple species. Further work on nutrient and microclimate gradients across floodplains and throughout the river network will help clarify how these mechanisms work to develop and maintain unique invertebrate assemblages in the riparian zone.
There are several other research avenues in riparian invertebrate ecology related to climate change, land use, and invasive species. Climate change is predicted to increase the frequency and intensity of disturbances such as drought events in many regions of the world (Kundzewicz et al. 2007) . As rivers dry because of drought, microclimate gradients may begin to diminish, as may the extent of riparian plant communities. Dry riverbeds can be novel habitat to riparian species (Corti and Datry 2016 ), but they can also support communities that differ from those in the riparian zone (Steward et al. 2011) ; they can even be distinct among riparian communities with different hydrological regimes (Moody and Sabo 2016) . One question to consider in areas where dry riverbeds support distinct terrestrial communities is to what extent these riverbed communities interact with their riparian counterparts, and what does this interaction look like when flooding events occur and the riverbed becomes uninhabitable. Similarly, as riparian plant communities can respond to the changing water regimes (Nilsson and Svedmark 2002) , we should also consider how invertebrate assemblages are linked to vegetation composition and dynamics through time and space. This latter question also relates to changes in land use, such as increasing urbanization or agricultural activities that withdraw water from the ecosystem and in turn cause changes in riparian plant community structure and extent (Santos 2010) . Therefore, mechanisms supporting unique riparian communities are likely to be altered with climate and land-use change, and we should be tracking these changes.
As climates and land use change, we should also further consider how riparian invertebrate communities will respond to the arrival of invasive species. Some researchers have begun to investigate how changes to riparian plant communities, such as the introduction of the giant reed Arundo donax (e.g., Maceda-Veiga et al. 2016) , have influenced terrestrial invertebrates. Invasive plants can directly affect invertebrate communities by altering the microclimate around streams, changing the structure of riparian soils or leaf-litter layers, and providing leaves of varying quality for terrestrial herbivores and detritivores (Maceda-Viega et al. 2016) . Other changes can be more indirect, such as how the abundance of an invasive clam in streams and their subsequent mortality events have provided a benefit to terrestrial scavengers (Novais et al. 2015) . The occurrence of invasive species in both terrestrial and aquatic communities is expected to rise with climate change (Tockner and Stanford 2002) , and we therefore suggest continued monitoring in both aquatic and riparian habitats in hopes of understanding how these changes influence riparian invertebrate communities and potential implications for their restoration.
Riparian zones are biologically rich and dynamic ecosystems, but they are threatened across the world. Here, we have synthesized the role multiple mechanisms play in maintaining terrestrial invertebrate communities in the riparian zone. Riparian invertebrates represent unique and sometimes endangered species, perform various functions that support ecosystem processes, and are important members of food webs in both terrestrial and aquatic contexts. Understanding how their diversity is created and maintained-and how we can potentially protect or restore the key characteristics of riparian habitats that contribute to this diversity-is essential for successful riparian conservation and management.
